ABSTRACT The functions of the light-harvesting complex of photosystem II (LHC-II) have been studied using thylakoids from intermittent-light-grown (IML) plants, which are deficient in this complex . These chloroplasts have no grana stacks and only limited lamellar appression in situ . In vitro the thylakoids showed limited but significant Mg"-induced membrane appression and a clear segregation of membrane particles into such regions . This observation, together with the immunological detection of small quantities of LHC-11 apoproteins, suggests that the molecular mechanism of appression may be similar to the more extensive thylakoid stacking seen in normal chloroplasts and involve LHC-11 polypeptides directly.
One of the major developments in contemporary membrane biology is the correlation between ultrastructure and function. The photosynthetic membrane is especially attractive for such studies since much is already known about the light-harvesting and excitation-transfer mechanisms and the nature and sequence of the electron-transport components. The thylakoid membrane in mesophyll cells, though a continuum within a single plastid, is structurally organized into appressed (grana stack) and unappressed regions, and the two photosystems are largely segregated by this organization ; photosystem II (PSII') occurs most frequently in appressed, and photosystem 'Abbreviations used in this paper: DCIP, 2,6-dichlorophenolindo-THE JOURNAL OF CELL BIOLOGY " VOLUME 97 JANUARY 1984 163-172 0 The Rockefeller University Press -0021-9525/84/01/0163/10 $1 .00 I (PSI), in unappressed membranes (1, 2). Ultrastructural studies, based largely on freeze-fracture electron microscopy, have confirmed the differences between these regions (1, 3) .
Ofthe pigment-protein complexes isolated from thylakoids, the light-harvesting chlorophyll alb protein complex (LHC-I1) so far has been the focus of most attention . Besides being the antennae array associated with PSII, LHC-11 is apparently the key structural element in the cation-induced appression of thylakoids (4, (5) (6) (7) (8) and has also been correlated with the cation-induced redistribution of excitation energy towards phenol; IML, intermittent illumination; LHC-II, light-harvesting chlorophyll alb protein complex; PSI (11) , photosystem 1 (1I).
PSII in thylakoids (9) (10) (11) , although direct evidence for the latter is lacking. This multifunctional nature of LHC-II is nicely exemplified where plants are grown under an intermittent illumination (IML) regime. The chloroplasts here are deficient in LHC-II and, although photosynthetically competent, are low in chlorophyll b (12) and exhibit only rudimentary membrane appression (9, 13) , a higher than normal light intensity requirement for whole chain electron flow (9) , and a lack of the cation-induced changes in chlorophyll fluorescence found in normal thylakoids (9) .
A technique of great potential usefulness for studies of structure-function relationships is the in vitro incorporation of purified components into membranes. Fusion of diacyl lipid liposomes into mitochondrial membranes was recently introduced by Hackenbrock and colleagues (14) and was later employed by Siegel et al. (15) to investigate effects of phosphatidyl choline incorporation into thylakoid membranes. The incorporation of mitochondrial cytochrome c oxidase into erythrocyte membranes (16) and reconstituted vesicles (17) has been accomplished by fusion with the cytochrome c oxidase proteoliposomes; however, there are as yet no reports of the incorporation of purified hydrophobic proteins into chloroplast membranes.
Prompted by these developments, we questioned whether a detailed investigation of the in situ function of LHC-I1 might be feasible, based on the controlled insertion ofpurified LHC-II into IML thylakoids. Such a study, including new information on the biochemical and ultrastructural properties of IML membranes, is reported here. The almost complete incorporation of LHC-II into IML membranes has been achieved such that the cation-induced changes in the regulation of excitation energy distribution and membrane appression are restored. The direct involvement of LHC-II in these processes is therefore demonstrated.
MATERIALS AND METHODS
Plant Material and Preparation of Thylakoids : Barley seeds (Hordeum vulgare, cv . Clipper) were germinated in darkness in vermiculite supplemented with half-strength Hoagland's solutions . After 6 d the seedlings were transferred either to continuous illumination (for control plants) or to an intermittent-light regime of 120-min dark interrupted by 2-min light cycles .
Light intensity was --170 and 70~uE in -' s' for control and IML plants, respectively, and the temperature was 20-23°C.
Thylakoids were prepared by osmotic lysis of intact plastids. Leaves (10-20 g), cut into 1 cm segments, were blended for 3 s with a Polytron PTA-35 probe (setting 7; [Kinematics Grab H, Switzerland]) in a medium containing 0 .4 M sorbitol, 10 mM sodium ascorbate, I mM EDTA, 0.2% BSA, and 50 mM Tricine-NaOH, pH 7 .8 . The homogenate was filtered through 10 layers of miracloth and centrifuged for 5 min at 1,000 g, then the pellet was gently resuspended in grinding medium and the centrifugation repeated (to prevent photo-effects, IML material was handled under dim green light to this point) . This procedure yielded largely intact plastids (as judged by comparative phasecontrast and fluorescence microscopy), essentially free of other cell fractions . Chloroplasts were lysed by resuspending in 10 mM NaCl and 2 mM TricineNaOH, pH 7 .5, and incubating on ice for 15 min; thylakoids were then pelleted by centrifuging at 10,000 g for 10 min and finally resuspended in 50 mM sorbitol, 10 mM NaCl, and 2 mM Tricine-NaOH, pH 7 .5. Unless used immediately, samples were stored at -196°C .
Isolation of LHC-11 and Reconstitution of LHC-11 Proteoliposomes : Control plants were used. LHC-II was isolated essentially as described previously (6) . LHC-II proteoliposomes were reconstituted by the freeze-thaw-sonication method using the natural mixture ofpurified chloroplast diacyl lipids (monogalactosyl diglyceride/digalactosyl diglyceride/sulfoquinovosyl diglyceride/phosphatidyl glycerol, 53:26 :15 :6) at a lipid/protein weight ratio of 5 :1 (6).
Incorporation of Purified LHC-11 into IML Membranes: IML thylakoids were suspended in 10 mM NaCl and 5 mM Tricine-NaOH, pH 7.5, 164 THE JOURNAL OF CELL BIOLOGY " VOLUME 97, 1983 at 0 .1 mg chlorophyll/ml and sonicated for 30 s. LHC-II at 1 mg chlorophyll/ ml was similarly sonicated after stirring for 2 h at 4°C with Bio Beads SM-2 (Bio-Rad Laboratories, Richmond, CA) to remove bound Triton X-100 (6) . After the solution was mixed at the appropriate chlorophyll ratios and incubated on ice for 15 min, it was frozen-thawed twice by plunging into liquid nitrogen for l min and then thawed in room temperature water. The solution was then sonicated for another 30 s .
Fluorescence Spectroscopy: Low-temperature(77°K) fluorescence emission and excitation spectra were recorded with Perkin-Elmer MPF-44B fluorescence spectrophotometer equipped with a DCSU-2 corrected spectra unit (Perkin-Elmer, Norwalk, CT) . Thylakoids were frozen in a medium containing 50 mM sorbitol, 60% (vol/vol) glycerol, and 5 mM Tricine-NaOH, pH 7 .5 .
Me'-induced changes in room-temperature chlorophyll fluorescence were measured using a locally constructed apparatus. Actinic light from a quartziodide lamp was passed through a calflex-C heat filter and a Coming 4-96 blue filter to give excitation between 350 and 580 nm . The beam was focused on one arm of a bifurcated optic fiber bundle (Schott Optical Glass, Inc ., Duvyer, PA) which led to the reaction cuvette . The fluorescence emission was received by the photomultiplier through the second arm of the optic fiber bundle after passing through Schott RG620, RG645 (Schott Optical Glass, Inc.), and Balzer K65 red filters (Balzers, Hudson, NH), which allows a spectrum between 620 and 685 nm . The intensity of the actinic fight beam at the surface of the vessel was 500,uE in -' s-' .
Immunochemistry: Antibodies raised against the purified LHC-II complex from spinach (18) , which cross-react with the barley complexes (reference 7, see also Results) were used. For thylakoid agglutination tests, 5 jul of undiluted antiserum and 5,u1 of thylakoid suspension (containing 1 mg protein/ ml) were mixed at 20°C and photographed under Normarski optics after 5 min . Western blotting immunoelectrophoresis was carried out as described previously (18).
Electron Microscopy: Samples (either chloroplast pellets or small segments from secondary leaves) were fixed and sectioned as described previously (7). For freeze-fracture analysis, thylakoid samples were combined with equal aliquots of 60% (vol/vol) glycerol and pelleted by centrifugation for 90 min at 150,000 g. When added, 5 mM MgCI Z was included with the glycerol . Samples at 4°C were frozen in propane cooled to liquid-nitrogen temperature and fractured at -110°C in a Balzers BAF 600 freeze-etch apparatus. The surface was then shadowed with platinum-carbon at an angle of 45°. Replicas were examined in a Hitachi H-500 electron microscope .
Other Methods : Lithium dodecylsulfate (LDS)-polyacrylamide gel electrophoresis was performed essentially as described (7) using an acrylamide gradient of 10-22% . Samples were dissociated by heating at 100°C for 3 min in a medium containing 30% glycerol, l % dithiothreitol, 30 mM Tris-HCI, pH 6 .8, and LIDS at a detergent/protein ratio of6 : l . Runs were carried out overnight at 4°C and at a constant current of 8 mA/gel . Staining and destaining were carried out as described previously (7). PSI electron transport was measured in a medium containing 50 mM sorbitol, 5 mM Tricine-NaOH, pH 7 .8, 10 mM NaCl, 0.1 mM 2,6-dichlorophenolindophenol (DCIP), 1 mM sodium ascorbate, 0.1 mM methylviologen, 2 .5 mM NH 4Cl, and 15 pM diuron. For whole chain electron transport, DCIP, diuron, and ascorbate were omitted . Oxygen consumption was measured at 25°C with a Rank O, electrode (Rank Brothers Cambridge, England)-chlorophyll was at 20,ug/ml and a quantum flux density of 1,000,uE M-2 s'. When effects of Mgt * were investigated, limiting red light of varying intensity was provided by passing the incident beam through a 630-nm cut-off filter and a graded series of Balzers neutral density filters.
Protein (19) and chlorophyll a and b concentrations (20) were estimated as described . For samples with chlorophyll alb ratios >6.0, ratios were determined from low-temperature ethanol fluorescence emission spectra (21) after careful removal of residual water in the sample with ethanol (22) .
RESULTS

General Properties of IML Plastids
The IML grown barley plants used here had characteristics similar, in general, to those reported for other species (9, 12, 23) . Thylakoids from plants exposed to 12 cycles (24 h) of IML had a chlorophyll alb ratio of 28, but this decreased to the values found in thylakoids from control plants (alb of 3-4) after 72 IML cycles, or upon 3-4 h subsequent exposure to continuous light . The majority of results presented here were obtained with thylakoids from plants exposed to 24 cycles of IML which had chlorophyll alb ratios of 14-18 . IML thylakoids possessed substantial photochemical activity; the rates for uncoupled whole chain (H2 0 -methylviologen) and PSI (DCIP -methylviologen) electron transport were 368 and 1,283 pmol mg chlorophyll -' h-', respectively, for IML thylakoids, compared with 61 and 385 kmol mg chlorophyll-' h -' for control thylakoids .
Light-harvesting Complex
As seen by Coomassie Blue staining of gels, barley IML thylakoids were depleted in polypeptides of the chlorophyll a/b-containing LHC-II complex (Fig. IA) , in line with previous findings (9) . The prominent bands in the 23-26-kdalton region cannot be seen in thylakoids from 24 IML cycle plants, but begin to appear after 48 cycles (Fig. IA, lanes 1 and 2) . They are more prominent in IML plants exposed to 4 h of continuous illumination (lane 4), during which time substantial chlorophyll b is synthesized (see above) . Electron micrographs of the 24-IML-cycle leaves revealed that the plastids were generally agranal (results not shown) ; some areas of membrane appression and overlap were apparent but these rarely involved more than two membranes together . The limited appression of IML thylakoids has been noted previously (9, 13) but was assumed to be of a different nature to the more extensive stacking in control chloroplasts because of the apparent absence of LHC-II polypeptides. This question has been reinvestigated here by studying the isolated thylakoids using both electron microscopy and immunological techniques.
During isolation of thylakoids from IML plants, membrane contact is lost and the lamellae form separate vesicles of varying size ( Fig. 2A) . Addition of cations (1 OmM MgC12) to these vesicles causes intermembrane contact with limited areas of close membrane appression (Fig. 2B) , reminiscent of that in vivo. This only involved two to three membranes at a time whereas similar treatment of thylakoid membranes from control plants resulted in extensive membrane stacking (not shown). This limited appression can also be seen by freezefracture electron microscopy ( Fig. 2, C-E) . Untreated IML membranes were seen as small distinct vesicles with clearly distinguishable protoplasmic face (PF) and exoplasmic face (EF) fracture faces on which membrane particles appeared to be randomly distributed (see also references 24 and 25) . Upon additions of cations, limited membrane contact was clearly evident in some vesicles (arrowed regions, Fig. 2 , C-E). Where appression occurred, the contact regions usually became more flattened and had a notably higher density of EF particles, sometimes arranged in ordered arrays (see Fig . 2 D in particular) . By contrast, the EF particles in nonappressed regions, and in vesicles with no appression, remained randomly distributed . Similar changes in lateral segregation of EF particles were seen upon addition of cations to unstacked control thylakoids but here, ofcourse, much larger areas of membrane appression occur (3) . In normal thylakoids the larger EF particles are thought to be PSII core complexes associated, to varying degrees, with LHC-II units (24) ; in the presence of cations a marked lateral redistribution of the complexes occurs with PSII concentrating in the stacked regions and PSI being largely confined to unappressed membranes (1, 26). Clearly, the results in Figs. 2, C and D suggest that a similar reorganization of PSII particles may occur in IML thylakoids during membrane appression, but to a much more limited extent . Since thylakoid appression is usually linked with the presence of LHC-11 we looked more closely at the occurrence of this complex in early-stage IML thylakoids using the sensitive immunoelectrophoretic technique of Western blotting (27, 28) . A monospecific antiserum raised against spinach LHC-II, which cross-reacts with the barley complex (7), was used . Although LHC-II poypeptides could not be visualized in stained gels of even 24-cycle IML thylakoids ( Fig. 1 A and  reference 9 ), at least three such polypeptides were detected immunologically, even in 12-cycle IML membranes (Fig. 1 B, 166 THE JOURNAL OF CELL BIOLOGY " VOLUME 97, 1983 . These findings, together with other reports of the presence of LHC-11 mRNA and trace amounts of the polypeptides in IML plants (23, 29) , show that LHC-11 apoproteins are present, but in much smaller amounts than in control membranes (compare lane 1 and 6, Fig. 1 B) . We therefore suggest that the small degree of membrane appression seen in vivo in IML plastids could be mediated by LHC-11 polypeptides as in normal thylakoids and that membrane appression is limited in extent by the very small quantities of LHC-11 proteins present.
IML thylakoids do not display the cation-induced changes in excitation energy distribution found in normal chloroplasts (11, 30) . As such, they offer a good opportunity for directly investigating the role ofLHC-11 in these changes, by artificial insertion of the isolated complex into the depleted membranes. Incorporation of LHC-11 was achieved by the freeze-thaw procedure (6, 31) as outlined in Fig. 3À and was monitored by density gradient centrifugation (Fig. 3 B) . Virtually complete incorporation was achieved; only one major green band appeared on gradients (tube 4), with a density and chlorophyll alb ratio (1 .9) intermediate between those ofIML thylakoids (tube 1) and LHC-11 (tube 2). Simply mixing LHC-11 and IML membranes yielded partial incorporation and two green bands on gradients (tube 3); whereas the upper band represented IML membranes containing incorporated LHC-1I, the lower band had a chlorophyll alb ratio of only 1 .1 and was probably unincorporated LHC-II, the sedimentation ofwhich had been slightly altered presumably by aggregation. In the experiment of Fig. 3 B, LHC-11 and IML thylakoids were mixed in the ratio 4:1 (chlorophyll :chlorophyll) ; by changing this ratio, the density and chlorophyll alb ratio of the LHC-II/IML band obtained after centrifugation could be altered in a predictable way. An important feature of the experimental protocol is that sonicated IML membranes must be usedwhy this is essential for LHC-11 incorporation is unclear but Role of the Light-harvesting Complex in Photosynthesis the reason may be related to increased surface energy due to the high curvature of the small sonicated vesicles.
Low-temperature fluorescence measurements made on the green bands from gradients (Fig. 3B ) support the conclusion that LHC-II is incorporated into IML membranes. In Fig.  4A , the fluorescence spectra of IML thylakoids are compared with those from continuous light (control) plants. The IML thylakoids lack both the 736-nm emission peak of control thylakoids and any appreciable peak in the 475-nm chlorophyll b region of the excitation spectrum (E436/E4,s = 4.1 versus 1 .7 in control thylakoids). Fig. 4B shows the spectra of the LHC-II/IML band oftube 3 (Fig. 3B) and of purified LHC-II . The short wavelength emission peak of the reconstituted system at 683 nm was intermediate between that of LHC-II (681 nm) and that of control thylakoids (684 nm) . The excitation spectrum for this emission also begins to resemble that of control thylakoids, with a value of the E436/ E4,s ratio of 1 .4.
In chloroplasts, the long wavelength emission at -735 nm is believed to emanate from the light-harvesting assembly associated with PSI (32, 33) . However, in IML thylakoids the polypeptides of this antennae, like those of PSII, are known to be deficient (34) , and as a result the 736-nm emission is largely absent in IML membranes of barley (Fig. 4A) and wheat (35) or is considerably reduced and shifted to shorter wavelengths in pea (35) and cucumber (34) . Incorporation of purified LHC-II, which has poor emission at 736 nm, would not be expected to restore this peak (Fig. 4B) .
For independent confirmation of LHC-II incorporation into IML membranes, agglutination tests were performed using an antiserum specific for LHC-II (see Materials and Methods) . Whereas untreated IML thylakoid vesicles were not significantly agglutinated, in line with the deficiency of LHC-II, the membranes reconstituted with this complex were heavily agglutinated by the antiserum, but not by the preimmune serum (results not shown). Moreover, the higher the LHC-II/IML thylakoid ratio during incorporation the greater the extent of agglutination ; for example, using an arbitrary J  I  I  I  I  I  I   I  800 400 420 440  460  480  500  520 Excitation wavelength (nm) Fig. 6 B) ; ---, isolated LHC-II .
rating system of 0 to '5 to designate agglutination, a 3 :1 chlorophyll ratio of LHC-II/IML thylakoids was rated +3 whilst a 5 :1 ratio was + 5 . These experiments clearly demonstrate LHC-II incorporation but do not allow conclusions on its orientation ; the complex is known to traverse thylakoid membranes and have antigenic sites on both surfaces (18) . The freeze-fracture profile of IML membranes revealed some clear ultrastructural changes after LHC-11 incorporation. Unlike IML thylakoids, where the two fracture faces are readily distinguished by the much higher particle density on the PF face (Fig . 5A and references 24, 25) , the PF and EF faces were difficult to distinguish after LHC-11 incorporation and contained a proportion of particles in low relief (Fig. 5B , arrowed vesicles) which were of the same size (average 7.2 nm), and sometimes became segregated into the same quasicrystalline arrays (Fig. 5B, inset) as seen with purified LHC-11 in diacyl lipid membranes (Fig. 5D) . This suggests that a proportion of the LHC-II remains self-associated after incorporation into IML membranes.
Effect of Mg t+ on Energy Distribution to PSI and PSII and on Ultrastructure in Reconstituted IML Membranes
In the presence of diuron, which blocks electron flow on the reducing side of PSII, any change in the room temperature fluorescence of thylakoids is thought to result from an altered input of excitation energy into PSII reaction centers (36) . As noted many times by others, addition of Mg" to normal thylakoids caused a large increase in steady-state fluorescence (Fig. 6, experiment 1) , indicating that cations cause some redistribution of absorbed light energy in favor of PSII . Add- FIGURE 5 Freeze-fracture analysis of LHC-11 incorporation into IML thylakoids . ing Mg" to IML thylakoids had no such effect (Fig. 6 , experiment 2; see also reference 37). However, when IML membranes were reconstituted with LHC-II, Me' caused the fluorescence yield to rise (Fig. 6, experiment 4) , although not to the extent observed with control thylakoids. Simply mixing LHC-II with unsonicated IML thylakoids (which gives no LHC-II incorporation) did not produce the Mg`effect (experiment 6), and adding Mg" to a suspension of isolated LHC-II alone actually caused a large quenching of fluorescence (experiment 3), perhaps due to the cation-induced aggregation of the complex (38) . When Mg`was added to LHC-II incorporated into diacyl lipid liposomes (see Materials and Methods), no increase in fluorescence yield was seen (experiment 5), indicating that mere insertion of LHC-II into the bilayer membrane did not contribute to the rise seen with reconstituted IML thylakoids. Variation of the LHC-II/IML ratio during reconstitution (Fig. 7) revealed that 1-2 LHC-II chlorophylls per IML thylakoid chlorophyll provided the maximal stimulation of the Mg2+-induced fluorescence rise. Although we attach no special importance to this stoichiometry, it nonetheless compares reasonably with the approximate proportion (-50%) of chlorophyll associated with LHC-II in normal thylakoids (39) .
Mild trypsin treatment ofthylakoids, or isolated LHC-II, is known to remove specifically a 2-kdalton surface fragment from LHC-II ; in thylakoids, this results in loss of the cation regulation of energy distribution between the two photosystems (8) . When LHC-II was subjected to mild trypsin digestion prior to incorporation into IML membranes, or when the reconstituted membranes themselves were trypsin treated, the Mg"-induced fluorescence rise was either sharply reduced or abolished completely (Fig. 6, experiment 7 and 8) .
In normal thylakoids, the cation-induced redistribution of energy towards PSII is matched by a corresponding decrease in PSI electron transport at limiting light intensity (10, 40) . We also observed this, with thylakoids from control barley plants (data not shown). In IML thylakoids, however, Mg" had no such effect on PSI activity; in fact, Mg`consistently stimulated it at all light intensities (Table I ). The mechanism underlying this stimulation is unclear but may indicate a direct effect ofMg`on PSI in the absence of energy redistribution (40) . Whatever the reason, the opposite effect was observed where LHC-II was incorporated into the membranes; 5 mM Mg`now decreased PSI activity but only at a low light intensity. The reconstituted system therefore mimics Rates shown are means t SD, n = 4. When present, MgSO4 was added to 5 mM .
normal thylakoids in this regard and thus provides cogent evidence that LHC-11 mediates the cation-regulated distribution of excitation energy between the two photosystems.
Freeze-fracture analysis of the reconstituted LHC-II/IML thylakoids revealed marked changes in membrane interactions in the presence of cations. What were dispersed, unilamellar vesicles at low salt (Fig. 5 B) were aggregated and partly fused by 40 mM K+ (Fig. 5C ) or 5 mM Mg" ; appressed membranes were evident (arrowed regions), sometimes in multilamellar stacks, and many particles of 7-8 nm were seen in these regions . No obvious segregation of particles into appressed areas was apparent, however, in contrast to control IML membranes (compare Fig. 5 B with Fig. 2, C-E) . The fusion and multilamellar appression observed here is reminiscent ofthat seen upon cation addition to reconstituted LHC-11-diacyl lipid proteoliposomes (Fig. 5D ) and is furthercogent support for an already considerable body of evidence (5-8, 41) suggesting a direct structural role of LHC-11 in cationinduced thylakoid appression . DISCUSSION We have demonstrated that the purified LHC-11 complex can be incorporated into deficient thylakoids from IML plants such that the cation-induced changes in membrane appression and energy distribution seen in normal thylakoids are restored . In similar studies Hunter et al. (42) have demonstrated the reconstitution of photosynthetic electron transport and excitation transfer following cholate-dialysis reconstitution of the antennae and reaction center complexes with membranes from a bacteriochlorophyll-less mutant of Rhodopseudomonas sphaeroides . Here, we have developed a sonication-freezethaw procedure that avoids the perturbing effects of detergents, and have unambiguously demonstrated LHC-11 incorporation by density gradient centrifugation, antibody agglutination tests and freeze-fracture analysis.
One of the significant difficulties in the in vitro incorporation of purified proteins into membranes is the possibility of some orientational "scrambling" ofthe inserted complex (43) . That this may also occur here is suggested by the increasing similarity of the two fracture faces following LHC-11 incorporation (Fig. 5B) . However, this evidence alone is not definitive since even in natural membranes (where the transmembrane asymmetry of LHC-11 is preserved) the presence of LHC-11 units that are not associated with the core complex apparently results in their more even partitioning between the two fracture faces, thus making them appear more similar (44) . Although some scrambling is probable under our reconstitution conditions, the potent effect of trypsin in inhibiting the Mg"-induced increase in room temperature fluorescence (Fig. 6) functional after incorporation is present with the right-sideout orientation. The absence of the large (>16 nm) EF particles in appression regions is an important morphological difference between the reconstituted system and normal thylakoids. It should be remembered, however, that these large particles are thought to represent the association of four LHC-11 units with a core complex of -8 nm and that smaller particles corresponding to the attachments ofonly one ortwo LHC-11 units also occur (25) . The fact that the 16-nm particles are not observed in the reconstituted membranes in the presence of MgZ+ should not be considered evidence against interactions occurring between the incorporated LHC-11 and the core assembly . Rather, such interactions presumably occur but may not be sufficiently stable to maintain a tetrameric association. Indeed, the freezefracture profile strongly suggests that, at any instant in time, a proportion of the LHC-II either remains free or is selfassociated after incorporation, a circumstance that has also been observed in normal thylakoids where exogenous lipids are incorporated (15) . Also, we should recognize that the core PSII complex ofIML membranes may be structurally incomplete and may be deficient in the polypeptide(s) required for stable interactions with LHC-I1. Although we have no evidence for this at present, our studies ofPSI biogenesis in IML thylakoids have clearly shown that whilst PSI is quite active in early stage IML plastids, several ofthe polypeptide subunits are missing and their subsequent incorporation into the complex is asynchronous (46). Whatever the precise reasons for the absence of the large EF particles in our reconstituted system, that the Mgt'-induced increase in room-temperature fluorescence, and the low light inhibition of PSI activity, are partially restored shows that the incorporated LHC-I1 is directly involved in the regulation of excitation energy distribution in these membranes.
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